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Description 



[0001 ] The present Invention relates to an article comprising a substrate containing silicon and a barrier layer which 
functions as a protective environmental/ thermal barrier coating and. more particularly, a barrier layer which inhibits the 
formation of gaseous species of Si, particularly Si(OH) x when the article is exposed to a high temperature, aqueous 
(water and/or steam) environment. »H"eous 
[0002] Ceramic materials containing silicon and metal alloys containing silicon have been proposed for structures 
used in high temperature applications as, for example, gas turbine engines, heat exchangers, internal combustion 
engines, and the like. A particular useful application forthese materials is for use in gas turbine engines which operate 
at high temperatures in aqueous environments. It has been found that these silicon containing substrates can recede 
and lose mass as a result of a formation volatile Si species, particularly Si(OH) x and SiO when exposed to high temper- 
ature, aqueous environments. For example, silicon carbide when exposed to a lean fuel environment of approximately 

nnn h ^TT? ^ ^ * 12 °°° C **** ™ m l0SS and recession at a rate of aPP™imately 6 mils per 
°°° nrs - 11 " believed that the process involves oxidation of the silicon carbide to form silica on the surface of the silicon 
carbide followed by reaction of the silica with steam to form volatile species of silicon such as Si(OH) x . Naturally it would 
be highly desirable to provide a external barrier coating for silicon containing substrates which would inhibit the forma- 
tion of volatile silicon species, Si(OH) x and SiO, and thereby reduce recession and mass loss 
[0003] Accordingly, ft is the principle object of the present invention to provide an article comprising a silicon con- 
taming substrate with a barrier layer which inhibits the formation of gaseous species of Si, particularly Si(OH) when 
the article is exposed to a high temperature, aqueous environment. 

[0004] A second objective of this invention is to provide an article comprising a substrate with a barrier layer provid- 
ing thermal protection, such layer closely matching the thermal expansion of the substrate. 

E^f ! " ' S 8 fUrther 0bj6Ct ° f the pr8Sent invention t0 P rovide a method for producing an article as aforesaid 
[0006] The problems are solved by the teaching according to the independent claims. Particular developments are 
given in the dependent claims. Within the frame of the invention are all combinations of at least two of the descriptive 
elements and technical features disclosed In the claims and/or in the description. 

[0007] The present invention relates to an article comprising a silicon containing substrate having a barrier layer on 
the substrate, wherein the barrier layer functions to both inhibit the formation of undesirable gaseous species of silicon 
when the article is exposed to a high temperature, aqueous environment and to provide thermal protection By high 
temperatures is meant the temperature at which the Si in the substrate forms Si(OH) x and/or SiO in an aqueous envi- 
ronment By aqueous environment is meant a water and/or steam environment The silicon containing composite is 
preferably a ceramic or metal alloy containing silicon. The external barrier layer is characterized by a coefficient of ther- 
mal expansion which is within plus or minus 3.0 ppm per degree centigrade of the coefficient of expansion of the silicon 
containing substrate. The preferred barrier layer in accordance with the present invention is a yttrium silicate barrier 
layer. In a preferred embodiment of the present invention the article can include one or more intermediate layers 
between the (silicon based substrate and the barrier layer. The intermediate layer(s) and serve(s) to provide enhanced 
adherence between the barrier layer and the substrate and/or to prevent reactions between the barrier layer and the 
substrate. ' 

[0008] The intermediate layer may comprise mullite or may be selected from the group consisting of SiO, mullfte 
mullrte-barium strontium aluminosilicate, mullfte-yttrium silicate, mullite-calcium aluminosilicate. and silicon metal In 

SnLr, b a r llme ? 1 l the -H Said inte . rmediate la y er mfl y be selected from the group consisting of mullfte, barium strontium 
aluminosilicate, mullite-yttnum silicate, calcium aluminosilicate and mixtures thereof. The said intermediate layer may 
comprise from about 40 to 80 wt.% mullite and from about 60 to 20 wt.% barium strontium aluminosilicate or yttrium 
silicate or calcium aluminosilicate. 1 
[0009] The intermediate layer has a thickness of > 0.5 mils (0.0005 inch), preferably a thickness of 3 to 30 mils or 
especially a thickness of 3 to 5 mils. 

[0010] Within the frame of the invention is a bond layer between the substrate and the intermediate layer. This bond 
layer may be a silicon metal or SI0 2 . This bond layer has a thickness of between about 3 to 6 mils 
[0011] Preferably the aforesaid barrier layer has a thickness of between about 3 to 30 mils, especially athickness 
of between about 3 to 5 mils. 

[0012] The invention further relates to a method for producing an article comprising a silicon containing substrate 
and a barrier layer which inhibits the formation of gaseous species of silicon and/or provides thermal protection when 
the article is exposed to a high temperature, aqueous environment as defined above. 
[001 3] The method for preparing the article comprises the steps of: 

providing a substrate comprising silicon; and 

applying a yttrium containing barrier layer to the substrate wherein the barrier layer inhibits the formation of gase- 
ous spec.es of S. when the article is exposed to a high temperature, aqueous environment The coefficient of ther- 
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t mal expansion of the barrier layer may be within ±3.0 ppm/°C the coefficient of thermal expansion of the substrate 
or within ± 0.5 ppm/°C. 

[0014] Within the frame of the invention is the step of grit blasting the substrate prior to applying the barrier layer. 
5 This step may include grit blast with alumina particles having a particle size of < 30 microns, preferably grit blasting at 
a velocity of between about 1 50/m/sec to 200/m/sec. 

[0015] The barrier layer may be applied by thermal spraying. This thermal spraying may include at a temperature 
of between about 800°C to 1 200°C. 

[0016] Another step is to preoxidize the substrate to form a layer of Si0 2 prior to applying the barrier layer. The pre- 
10 oxidizing may comprise heating the substrate at a temperature of between about 800°C to 1200°C for about 1 5 minutes 
to 100 hours. 

[0017] After applying the barrier layer, article should be heat treated. The heat treating comes to a temperature of 
about 1 250°C for about 24 hours. 

[0018] Eventually the barrier layer comprises from about 66% by weight to about 78% by weight Y 2 0 3 , balance 
is essentially Si0 2 especially from about 75% by weight to about 76% by weight Y 2 0 3 , balance SI0 2 . 

[0019] Further advantages, characteristics and details of the invention are apparent from the following detailed 
description of preferred embodiments of the invention with reference to the attached drawing. 

Figure 1 is a graph showing the stability of the barrier layer of the present invention with respect to recession and 
20 mass loss; and 

Figure 2 is a photomicrograph through a sample of the barrier layer of the present invention on a silicon carbide 
substrate. 

[0020] The present invention relates to an article comprising a silicon substrate and a barrier layer, wherein the bar- 
25 rier layer inhibits the formation of gaseous species of silicon when the article is exposed to a high temperature, aqueous ^ 
environment. The invention also relates to a method for producing the aforesaid article. In addition, it should be appre- > 
dated that while the barrier is particularly directed to an environmental barrier layer, the barrier layer also functions as 
a thermal barrier layer and thus the present invention broadly encompasses the use of environmental/ thermal barrier 
layers on silicon containing substrates and on substrates having comparable thermal expansion coefficients. 
so [0021] According to the present invention, the silicon containing substrate may be a silicon ceramic substrate or a 
silicon containing metal alloy. In a preferred embodiment, the silicon containing substrate is a silicon containing ceramic 
material as, for example, silicon carbide, silicon nitride, silicon oxynitride and silicon aluminum oxynitride. In accordance : * 
with a particular embodiment of the present invention, the silicon containing ceramic substrate comprises a silicon con- 
taining matrix with reinforcing materials such as fibers, particles and the like and, more particularly, a silicon based 
as matrix which is fiber-reinforced. Particularly suitable ceramic substrates are a silicon carbide coated silicon carbide , J* 

fiber-reinforced silicon carbide particle and silicon matrix, a carbon fiber-reinforced silicon carbide matrix and a silicon 
carbide fiber-reinforced silicon nitride matrix. Particularly useful silicon-metal alloys for use as substrates for the article 
of the present invention include molybdenum-silicon alloys, niobium-silicon alloys, iron-silicon alloys, and aluminum-sil- 
icon alloys. 

40 [0022] Barrier layers particularly useful in the article of the present invention include yttrium silicates. In particular, 
the barrier layer comprises Y 2 0 3 in an amount of between about 66% by weight to about 78% by weight, balance Si0 2 
preferably between about 75% by weight to about 76% by weight Y 2 0 3f balance Si0 2 . A particularly suitable barrier 
layer for use on silicon containing ceramic compositions in the article of the present invention comprises about 75 45% 
by weight Y 2 0 3 and 24.55% by weight Si0 2 . 

45 [0023] ft is an important feature of the present invention to maintain compatibility between the coefficient of thermal 
expansion of the silicon containing substrate and the barrier layer. In accordance with the present invention it has been 
found that the coefficient of thermal expansion of the barrier layer should be within ± 3.0 ppm per degrees centigrade, 
preferably ± 0.5 ppm per degrees centigrade, of the coefficient of thermal expansion of the silicon containing substrate! 
When using a silicon containing ceramic substrate such as a silicon carbide or a silicon nitride matrix with or without 

so reinforcing fibers as described above in combination with the preferred yttrium silicate barrier layer of the present inven- 
tion, the desired thermal compatibility with respect to expansion coefficient between the silicon containing substrate and 
the barrier layer should be ± 2.00 ppm per degrees centigrade. 

[0024] The barrier layer should be present in the article at a thickness of greater than or equal to about 0.5 mils 
(0.0005 inch), preferably between about 3 to about 30 mils and ideally between about 3 to about 5 mils. The barrier layer 
55 may be applied to the silicon containing substrate by any suitable manner known in the art, however, it is preferable that 
the barrier layer be applied by thermal spraying as will be described hereinbelow. 

[0025] In a further embodiment of the article of the present invention, an intermediate layer can be provided 
between the silicon containing substrate and the barrier layer. The intermediate layers) serve(s) to provide enhanced 
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adhesion between the barrier layer and the substrate and/orto prevent reactions between the barrier layer and the sub- 
r 9 T^T 6 ,ayerconsist8 of - example, Si0 2> mullite, mullite-barium strontium aluminosilicate, mullite- 
Z.T h ? mul ^ te - calc,um aluminosilicate, and silicon metal. Mullite has been found to be a particularly useful 
ntermed.ate layer; however, mullite by itself tends to be cracked as the result of thermal spraying fabrication process- 
mg Accord.no y. it .s preferred that the barrier layer comprises mullfte-barium strontium aluminosilicate. mullite-yttrium 
££££ rn""*e-cal«um aluminosilicate in an amount of between about 40 to 80 wt.% mullite and between about 20 
to 60 wt. /„ banum strontium aluminosilicate or yttrium silicate or calcium aluminosilicate. The thickness of the intemre- 

hfl!! yer H • tyPiCal t0 th0Se d8SCrit>ed With regard t0 barrier layer and the intermediate layer may likewise 
be disposed in any manner known in the prior art, however, preferably by thermal spraying as described hereinbelow 

[0026] In addition to the intermediate layer, a bond layer may be provided between the silicon containing substrate 
and the intermediate layer. A suitable bond layer includes silicon metal in a thickness of 3 to 6 mite. Alternatively the 
sHtoon based substrate may be pre-oxidized to provide a Si0 2 bond layer prior to application of the intermediate layer 
ITO27] The method of the present invention comprises providing a silicon containing substrate and applying a bar- 
rier layer wherein the barrier layer Inhibits the formation of gaseous species of silicon when the article is exposed to a 
high temperature, aqueous environment. In accordance with the present invention it is preferred that the barrier layer 
be apphed by thermal spraying. It has been found that the barrier layer should be thermal sprayed at a temperature of 
between about 800'C to 1200*C in orderto help equilibrate as-sprayed. sp.at quenched, microstructura and t^mWde 
a means to manage stresses which control delamination. 

ESf L • S " iCOn contain,n 9 substrate should be cle aned Prior to application of the barrier layer to remove sub- 
"^l OX ! am T"' "Jf preferred that the silIcon based substrate be subjected to a grit blasting step prior 
to application of the barrier layer. The grit blasting step must be carried out carefully in onJer to avoid damage* , the 
surface of the sHrcon-containing substrate such as silicon carbide fiber reinforced composite. It has been found that the 
Sf*^ 1 , 9m ,aSting Sh ° Uld " 0t be 38 hard 88 the substrate material 10 P reven t e«>sive removal of the sub- 

^H^USS^* mUSt IT! 10 r VSnt ' mpaCt dama9e t0 SUbstrate - When P rocessi "9 an article Ris- 
ing a silicon carb.de ceramic substrate, rt has been found that the grit blasting should be carried out with AfeOo particles 

f«Sln ° 3 P l rt,Cle SiZe , 0 ? 30 mi ° ronS and ' preferably ' at a ve,oci, y of 35001 150 to 200 Msec. In addttion to the 
foregoing, it may be particularly useful to preoxidize the silicon based substrate prior to application of the intermediate 
and/or bamer layer in order to improve adherence. It has been found that bond layers of between 100 nanometers to 

^S^ST 7 Prefe,Ted - S '° 2 b0nd ,ayers of the desired thickness can achieved by preoxldbing the silicon- 
carbide substrate at a temperature of between 800»C to 1200°C for about 15 minutes to 1 00 hours 

3 sroSo^ess TsZV:. aPP ' ied direCt ' y t0 *' ^ b ' aSted SUrfaCe by thefmal Spraying at approx " 

K 01 J n ' errr,ediate la y ers ma V be ^P^d between the substrate and/or bond layer and the barrier layer or 
between the bond layer and barrier layer by thermal spraying in the same manner described above with respect to the 

mX S^r? T « Pref6TCd interrnediate ia » ers include mullrte-barium strontium aluminosilicate, 
mullrte-yttnum silicate, and mulhte-calcium aluminosilicate. 

US! 1 . Aft f ! ' appllcation of the desired la V ers to the silicon-based substrate material, the article is subjected to a 

th?!™T T " 10 IT" 6 StfeSS re,ief t0 ^ * errni * sprayed structure - and t0 P rom °te bonding between 
the sprayed powder particles and between the layers and the substrate. The heat treatment step is carried out at a tem- 
perature of about 1 250'C for about 24 hours. 

exiles adVantageS * the artiCle of * e present invention wi " become clea r from consideration of the following 
Example 1 

£?S ?' 9/1 1 1 m °' e rati ° ytWUm S " i0ate specimens were fabricated via hot pressing in Argon at 1 400°C for up to 
250 tirermal cycles in comparison to silicon carbide. The results show that the silicon carbide looses up to 8 mg/cm 2 
weight dunng the testing while the yttrium silicate does not See Figure 1 . P mgrair 

Example 2 

K3 . ^ w2 i a ~ 8 ^ n<rfa4 ^*WcO.V1.l mole ratio yttrium silicate of composition 0.9/1.1 moleratio 
f" t0 , S,hCa °"* n 0 on 4 mi,s of mu,lite on Sic composite. The yttrium silicate and mullite were thermal sprayed 
onto the silicon carbide composite using the following parameters: 
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Parameter 



Setting 



plasma torch 

nozzle 

anode 

powder port 
primary gas 
secondary gas 
substrate temp, 
carrier gas 
powder feed 

power 
stand-off 



Metco 3M 

GH 

std. 

metco #2 

Ar ®80 Metco gage 
H2 @ 8 Metco gage 
850°C 

Ar @ 37 Metco gage 
15 to 25 gpm 
intermed. surface 

30kw 25 kw 

2.5 - 3" 5" 



[0035] Prior to coating the substrate was cleaned by grit blasting with 27 micron alumina particles at an impact 
velocity of 1 50 to 200 mps. The yttrium silicate powder was obtained from Novel Technologies, Cayuga r New York as a 
free flowing -200 + 400 mesh powder. 

[0036] This invention may be embodied in other forms or carried out in other ways without departing from the spirit 
or essential characteristics thereof. The present embodiment is therefore to be considered as in all respects illustrative 
and not restrictive, the scope of the invention being indicated by the appended claims, and all changes which come 
within the meaning and range of equivalency are intended to be embraced therein. 

Claims 

1. An article comprising: 

a substrate comprising silicon; and 

a yttrium containing barrier layer, wherein the barrier layer inhibits the formation of gaseous species of Si when 
the article is exposed to a high temperature, aqueous environment. 

2. An article according to claim 1 wherein the substrate is selected from the group consisting of silicon containing 
ceramic and metal alloys containing silicon. 

3. An article according to claim 2 wherein the substrate is a silicon containing ceramic selected from the group con- 
sisting of silicon carbide, silicon nitride, silicon oxynitride and silicon aluminum oxynitride. 

4. An article according to claim 2 wherein the substrate is a composite comprising a silicon based matrix and a rein- 
forcing particle, wherein preferably said substrate is selected from the group consisting of silicon carbide fiber-rein- 
forced silicon carbide matrix, carbon fiber-reinforced silicon carbide matrix and silicon carbide fiber-reinforced 
silicon nitride. 

5. An article according to claim 2 wherein said substrate is a silicon containing metal alloy selected from the group 
consisting of molybdenum-silicon alloys, niobium silicon alloys, iron-silicon alloys, and iron-nickel-silicon based 
alloys. 

6. An article according to claim 1 wherein the barrier layer comprises yttrium oxide or wherein the barrier layer com- 
prises a yttrium silicate. 

7. An article according to one of the claims 1 to 6 wherein the barrier layer comprises from about 66% by weight to 
about 78% by weight Y 2 0 3 , balance essentially Si0 2 , preferably wherein the barrier layer comprises from about 
75% by weight to about 76% by weight Y 2 0 3 , balance Si0 2 . 
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ill ? ^ ^ u 0ne 6 C ' aimS 1 10 7 Whsr6!n the ~ efficisnt of *° mal ex P ans ™ ^ the barrier layer is 

SLtJiST^ ^.""^J* themial 6Xpansi0n of the substrate or wherein coeffteient oi thermal 
expans.on of the bamer layer is within ± 0.5 ppm/»C the coefficient of thermal expansion of the substrate. 

5 9 " p r e f e^ y 3^ 9t00ne ^ 

10 ' Iter I Jer 9 aOCOrdin9 10 ^ ° f ^ ^ 1 10 9 inC ' Udin9 " intermediate ,a V er b *ween the substrate and the bar- 

ml7 t •! ) 0nt,Um a,uminosilicat e. mullrte-yttrium silicate, mullite-calcium aluminosilicate, and silicon 

SSI TUSOXEHSZ I teyer ? se,ected ltam 106 group consisting of mul,te ' barium strontium aiumin °- 

smcate, mullite-yttnum silicate, calcium aluminosilicate and mixtures thereof. 
12. An article according to claim 10 wherein said intermediate layer comprises mullite. 

%v n ™m^? 9 t0 K 0ne ^ the C ' aimS 10 10 12 Wherei " said intermed «te layer comprises from about 40 to 80 
wt /o mullite and from about 60 to 20 wt% barium strontium aluminosilteate or wherein said intermediate layer com 
20 prises from about 40 to 80 wt% mullite and from about 60 to 20 wt.% yttrium silicate. 

14 ' mZSZZF t0 T I* 6 ° laim6 10 10 12 Wh6rein 8aM '"termediate layer comprises from about 40 to 80 
wt.% mullite and from about 60 to 20 wt.% calcium aluminosilicate. 

25 f A 0 n 0^'incT rdin9 t0 ° f ** Cla ' mS 10 t0 M Wh6rein intermediate has a thickness of * 0.5 mils 

16 ' ir^rr ° f IT 6 C,aimS 10 10 15 Wherein the inta ^ediate layer has a thickness of 3 to 30 mils, 
wherein preferably the intermediate layer has a thickness of 3 to 5 mils. 

1 7. An article according to one of the claims 1 0 to 1 6 including a bond layer between the substrate and the intermediate 

18. An article according to claim 1 7 wherein the bond layer is silicon metal or Si0 2 . 

19. An article according to claim 1 7 or 1 8 wherein the bond layer has a thickness of between about 3 to 6 mils. 

20. An article according to claim 7 wherein the barrier layer has a thickness of between about 3 to 5 mils. 
40 21. A method for preparing an article comprising the steps of: 

providing a substrate comprising silicon; and 

applying a yttrium containing barrier layer to the substrate wherein the barrier layer inhibits the formation of 
gaseous spec.es of S, when the article is exposed to a high temperature, aqueous environment 

22. A method according to claim 21 further including the step of grit blasting the substrate prior to applying the barrier 
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23. A method according to claim 21 or 22 Including grit blast with alumina particles having a particle size of < 30 
microns, including preferably grit blasting at a velocity of between about 150/m/sec to 200/m/sec 

24 ' £222! 10 ° f ° laimS 21 10 23 inc,udin 9 a PP'y' n 9 the barrier layer by thermal spraying, including 

preferably thermal spraying at a temperature of between about 800°C to 1200"C. 

26. A method according to one of the claims 21 to 25 wherein the preoxidizing comprises heating the substrate at a 
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temperature of between about 800°C to 1200°C for about 15 minutes to 1 00 hours. 



A method according to one of the claims 21 to 26 including the step of, after applying the barrier layer, heat treating 
the article. 

A method according to one of the claims 21 to 27 wherein the coefficient of thermal expansion of the barrier layer 
is within ± 3.0 ppm/°C the coefficient of thermal expansion of the substrate or wherein the coefficient of thermal 
expansion of the barrier layer is within ± 0.5 ppm/°C the coefficient of thermal expansion of the substrate. 

29. A method according to one of the claims 21 to 28 including heat treating at a temperature of about 1 250°C for about 
24 hours. 

30. A method according to one of the claims 21 to 29 wherein the barrier layer comprises from about 66% by weight to 
about 78% by weight Y 2 0 3 , balance essentially Si0 2 , wherein preferably the barrier layer comprises from about 
75% by weight to about 76% by weight Y 2 0 3 , balance Si0 2 . 
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